In this paper we demonstrate experimentally the implementation of a niobium-trilayer junction with an aluminum-oxide tunnel barrier, embedded in a high-gap superconducting niobium-titanium-nitride circuit. Previously reported heating by quasiparticle trapping is removed by inserting a normal metal layer of gold between the niobium junction and the niobium-titanium-nitride layer. We analyze in dc-characterization measurements the cooling of the nonequilibrium quasiparticles in various device geometries having different gold layer thickness and shape. Our work is concluded with remarks for future heterodyne mixer experiments using our device technology.
I. INTRODUCTION
Low-noise heterodyne receivers working around 1 THz are highly desired instruments in submillimeter (submm) radio astronomy. They furnish a unique spectral resolution of the order of ν/δν ≈ 10 5 − 10 6 which allows astronomers to resolve complicated emission spectra of various astronomical sources. Detection of molecular or atomic THz emission lines provides access to a rich information source containing the physical and chemical conditions of hot molecular/atomic gas which plays a role in star formation in the interstellar medium. Precise measurements of these conditions allow, therefore, to complete the fundamental idea how stars form and evolve.
1 For this purpose it is necessary to have the most sensitive detectors available which are the centerpiece of every heterodyne receiver system. High sensitivity heterodyne receivers for radioastronomy employ two different types of superconducting detectors. For the submm frequency range of 0.3-1. 3 THz, superconductor-insulator-superconductor (SIS) frequency mixers are used. Here, one uses in practice the high-quality niobium-trilayer technology in combination with an aluminum-oxide (AlO x ) or aluminum-nitride (AlN) 2 tunnel barrier, resulting in junctions with the lowest subgap currents. In SIS heterodyne mixers the highest detectable frequency is set by the superconducting gap energy ∆ of the junction's electrode material. For a symmetric junction this frequency is ν max = 4∆/h, where 2∆ is the superconducting pair breaking energy of one electrode and h is the Planck constant. Heterodyne mixing well above the pair breaking frequency of the single electrodes is not intrinsically limited by the eleca) westig@ph1.uni-koeln.de trode material itself, albeit that in the frequency range 2∆/h − 4∆/h excess quasiparticles are created, absorbing a part of the incoming signal. For the higher frequencies superconducting hot-electron bolometer mixers (HEB) are used. 3 In an HEB device there is in principle no limitation with respect to the detection frequency, however, it has a lower intermediate frequency bandwidth than a SIS mixer. SIS and HEB devices have provided a remarkable success of ground-based, 4-6 airborne 7,8 and space 9 observatories and will be of significant importance for future astronomical observations.
Since heterodyne detection is a coherent detection technique where amplitude and phase of the incoming signal are preserved during the frequency mixing process, the Heisenberg uncertainty principle imposes a fundamental noise limit on the device sensitivity. 10 This noise limit corresponds to the photon shot noise at the input of the mixer coming from a background of one photon per second per Hertz of bandwidth. When expressed as a noise temperature, this results in T qn = hν/k B , i.e. 0.047 K/GHz, also referred to as the quantum noise limit, where ν is the signal frequency and k B is the Boltzmann constant.
Quantum limited mixer performance 11 is reliably achieved up to frequencies of about 680 GHz, the superconducting gap frequency of the niobium (Nb) embedding circuit. For larger frequencies, substantial ohmic losses are observed in the embedding circuit due to breaking Cooper pairs in the material in combination with the usually large normal state resistance of superconductors. Possible solutions to minimize these losses are embedding circuits consisting of different materials than Nb.
Jackson et al. 12, 13 reported receiver noise temperatures of approximately 200 K at 850 GHz and 400 K at 1 THz for a Nb SIS mixer using a hybrid embedding circuit consisting of a niobium-titanium-nitride (NbTiN) bottom layer and an Al wiring layer. Bin a Nb SIS mixer using a double normal-conducting embedding structure made of Al, however, they obtained a higher receiver noise temperature of approximately 840 K at 1042 GHz due to the rf -signal loss in the Al. Recently, Wang et al. 15 fabricated high-quality, high-current density niobium nitride (NbN) SIS junctions with aluminumnitride tunnel barriers where the complete embedding circuit also consists of the high-gap superconductor NbN.
In this previous reported work it was shown to be important to avoid heating effects of the electron gas in the device. In this article we propose a different solution for this particular problem and show its effectiveness. Device heating by quasiparticle trapping is removed by inserting a normal metal layer of gold (Au) between the Nb junction and the NbTiN embedding circuit where nonequilibrium quasiparticles relax their energy.
In the following section we present the conceptional background of our device design and a detailed explanation of the expected quasiparticle processes in our device. Section III describes the fabrication and the measurement setup. In Section IV we show results of extensive dc-characterization measurements of various device geometries and present our analysis. Section V discusses possible adverse effects of the Au layer in the superconducting device before Sec. VI concludes the paper.
II. DESIGN CONSIDERATIONS AND CONCEPTUAL BACKGROUND
In SIS junctions for heterodyne mixer applications one demands a nearly ideal nonlinearity of the I,V characteristic: a low subgap current and a sharp onset of the quasiparticle current branch. For a low subgap current one needs a high-quality tunnel barrier, which in practice is best achieved with Nb-trilayer technology with an AlO x or AlN tunnel barrier. The frequency range from 700 GHz to 1.3 THz can be covered by such a nonlinear I,V curve provided one can avoid or minimize absorption of the signal by the embedding circuit. If this is the case one ought to be able to obtain high-performance devices reaching quantum limited noise temperatures.
11 The preferred solution is the use of a superconductor with a higher critical temperature and a higher energy gap than Nb. However, it has been found that the power generated by the tunnel current/voltage cannot effectively be removed and nonequilibrium quasiparticles begin to play a role.
For a SIS junction with identical electrode materials, i.e. a symmetric junction, I qp is given by
Here V is the bias voltage applied to the two electrodes of the SIS junction and f (E, T ) is the Fermi distribution function of quasiparticles with energy E, having a temperature T = T e . The subscript "e" emphasizes that this is the electron temperature. The quantities N S are the normalized BCS density of states: 0 for |E| < ∆ and |E|/(E 2 − ∆ 2 ) 1/2 for |E| > ∆. 17 Here, |∆| is the energy gap in the quasiparticle excitation spectrum for electronlike and holelike quasiparticles. An energy of at least 2∆ is needed in order to destroy a Cooper pair and create two quasiparticle excitations. In the Nb-trilayer technology one of the electrodes is actually Nb with a thin layer of aluminum, i.e. represented by a proximityinduced density of states which is close to the Nb density of states, although slightly modified.
In a realistic I,V curve the singularity in the density of states leads to a sharp rise at the gap voltage V g = 2∆/e. However, the sharpness is experimentally often less than is consistent with a real singularity. In practice, this can have a number of reasons and is usually taken into account by a phenomenological broadening parameter of the singularity, Γ. The superconducting density of states N S in Eq. (1) is then expressed as
This expression suggests that one assumes that the actual density of states of the superconducting electrodes is modified. To avoid this misunderstanding we call Γ a phenomenological parameter, which serves to deal with non-idealities in the sharpness of the I,V curve compared to the idealized situation described by Eq. (1). The rich variety of all other possible origins of non-idealities not contained in Eq.
(1) will be further ignored.
Since one often prefers in practice tunnel barriers which have a high transmissivity, i.e. low R N A-values or high critical-current densities, we emphasize that Eq. (1) represents the tunneling current assuming that only lowest order tunnel processes are relevant. As long as the tunnel probability is much less than unity, the higher order processes are indeed negligible. However, for very thin tunnel barriers, needed for broadband heterodyne mixers, the likelihood of 'weak spots' increases causing a fraction of the tunnel barrier to have a higher tunneling probability, even close to unity, allowing significant contributions from higher order tunneling processes. These are easily identified as excess shot noise, 19 and are also visible as excess subgap currents, neglected by Eq. (1).
In principle, in using tunnel junctions it is assumed that the tunnel barrier is a weak disturbance i.e. that the two electrodes are undisturbed by the tunneling current. This is reflected in Eq. (1) by the use of the Fermi-Dirac distribution at the temperature T as well as the energy gap ∆ at the same temperature.
In this article we are interested in SIS devices in which this particular assumption is no longer satisfied. We will focus on the option that due to the dissipated power, the temperature T e of the electron system is higher than the bath temperature. This new temperature T e will enter the Fermi-functions in Eq. (1). However, it will also influence the energy gap ∆, which is itself also controlled by the Fermi-function through the self-consistency relation
where N (E F ) is the single-spin density of states at the Fermi energy in the normal state, k B is the Boltzmann constant, θ D is the Debye temperature of the material, V is the average attractive interaction potential of superconductivity describing phonon exchange between electrons 17 and is the independent quasiparticle energy measured relative to the Fermi energy. Hence, Eq. (3) is an implicit expression relating ∆ to T e . The temperature T e is dependent on the power generated by the tunneling process, which rapidly rises for bias voltages near the gap voltage V g , implying that the relevant energy gap for the tunneling decreases leading to the possibility of backbending (a negative slope of I qp around V g , compare with figure 4(a)).
The actual temperature T e in comparison to the bath temperature, the phonon-temperature T ph , depends on two processes.
First, a thin tunnel barrier leads to a higher density of hot electrons injected per unit time. We assume that the electron-electron interaction time τ e−e is short enough to establish that an effective energy relaxation will occur by electron-phonon interaction, assuming τ e−e < τ e−ph , if one has a closed volume. Otherwise, the outdiffusion of hot electrons compensated by the indiffusion of cool electrons establishes equilibrium. For conventional aluminum oxide barriers the barrier integrity breaks down before nonequilibrium processes become relevant. However, for lower R N A-products, such as is possible by using AlN barriers, an elevated electron temperature does play a role. In addition, it might play a role with more disordered superconducting materials, such as NbN, where the diffusion coefficient is much smaller than in Nb and Al.
Secondly, in Nb SIS junctions, embedded between higher-gap superconductors such as NbTiN, outdiffusion is blocked by the Andreev trap formed between the tunnel barrier and the high energy gap of the NbTiN. This leads to a geometrical trapping of the quasiparticles, 20 illustrated in Fig. 1(a) . Therefore, although charge is transported from the Nb SIS junction into the NbTiN, the energy transport is blocked, a process known as Andreev reflection. 21 In this case, even for high R N A-value SIS devices, the increased electron temperature plays a major role.
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The best possible solution for high quality SIS mixing is, nevertheless, the use of high-gap superconducting transmission lines in combination with Nb SIS devices. Therefore, we seek a solution to avoid these nonequilibrium processes in an attempt to maintain the electron temperature T e as close as possible to the phonon temperature T ph . Our solution is to insert between the Nb film and the NbTiN film a normal metal Au layer, which (b) shows the modification of the energy diagram when a normal metal Au layer (shaded area) is inserted between the Nb and NbTiN layer, having no superconducting gap in the electronic excitation spectrum. Here, a quasiparticle injected from the tunnel barrier into the Au layer thermalizes with other quasiparticles after a time τe−e and becomes an excited quasiparticle with energy = ∆ N b which is relaxed by inelastic electron-phonon scattering after the time τ e−ph . dAu indicates the thickness of the layer and τD is the diffusion time through the structure.
allows quick thermalization of the hot electrons in the Nb as shown in Fig. 1(b) . Two possibilities have been investigated in this paper. Case I, in which the normal metal layer is laterally confined to the same dimensions as the Nb. And Case II, in which the normal metal layer is substantially wider than the Nb electrode offering a larger volume for a process which we call geometrically assisted cooling.
In Case I with the confined normal metal layer, energy relaxation occurs through electron-electron, electronphonon and phonon-escape processes with characteristic time τ es . In order to quantitatively estimate the effect of the dissipated power P on T e , we assume a linearized heat balance equation 22 with a heat-transfer coefficient α:
In Case II a different theoretical description is used, which accounts for the outdiffusion of nonequilibrium quasiparticles from the Nb junction into the wide Au layer. For this purpose we use the following heat balance
(5) Its solution is the radial temperature distribution around the SIS junction in the Au layer. The thermal conductivity is κ, r is the radial position, measured from the center of the SIS junction, T e (r) is the electron temperature, Y is the heat-transfer coefficient (measured in W/m 2 K) to the phonon system, T ph is the bath (phonon) temperature as before and d Au is the thickness of the Au layer. When Y describes the heat transfer to the metallic phonon system, then Y = Y e−ph with Y e−ph being the electron-phonon heat-transfer coefficient. On the other hand, when Y describes heat transfer to the phonon bath system (substrate or liquid helium (LHe)), then Y = Y K with Y K being the Kapitza conductance between the metal and the substrate or between the metal and the LHe.
III. DEVICE VARIATIONS AND MEASUREMENT SETUP A. Fabrication
The S SISS and S SISNS devices (S = NbTiN, S = Nb, I = AlO x and N = Au) are fabricated on silicon substrates having a thickness of 525 µm (omitted in Figs. 2(a)-(f)). The first wafer contains control devices which are fabricated without the Au layer (compare with device #1 in Table I and Fig. 2(a) ) and serve as reference in the data interpretation. The NbTiN/Nb/AlO x /Nb layers are deposited by dc-magnetron sputtering and are patterned by UV optical lithography. The bottom layer is room temperature sputtered NbTiN of thickness 350 nm and the Nb electrodes have a thickness of 100 nm each. The tunnel junction areas are defined by electron beam lithography (EBL) and reactive ion etching (RIE) of the NbTiN/Nb/AlO x /Nb layers. In a next step, an rf -sputtered SiO 2 dielectric of 200-300 nm thickness is patterned by self-aligned liftoff. Finally, a 400 nm thick room temperature sputtered NbTiN wiring layer is defined by UV optical lithography.
For the other devices, the same process steps as described before are used except for specific details which are summarized below.
A second and a third wafer include an additional Au layer of 20 and 80 nm thickness. The NbTiN/Nb/AlO x /Nb/Au layers are deposited by dcmagnetron-sputtering and are patterned by UV optical lithography (compare with devices #2-#4 in Table I subsequently performed lift-off. A fourth wafer contains additional devices with a total Au layer thickness of 80 nm. In contrast to the wafer before, on this wafer the shape of the Au layer was varied. First a NbTiN/Nb/AlO x /Nb/Au layer with an Au layer thickness of only 20 nm is deposited by dc-magnetron sputtering and is again patterned by UV optical lithography (compare with device #5 in Table I and Fig. 2(d) ). After the definition of the tunnel junction areas by EBL and RIE of the NbTiN/Nb/AlO x /Nb/Au layers and deposition of the SiO 2 dielectric layer, an additional Au layer (cap) having a thickness of 60 nm and a radial shape larger than the junction area is patterned by EBL. Devices on this wafer are used to study the geometrically assisted cooling effect.
A fifth wafer includes devices with a 120 nm Au cap of radial shape, patterned by EBL, its radius being 3 µm TABLE I. Gold layer thickness dAu, gold volume VAu, critical current density jc, normal state resistance RN , junction area A and RN A-product of S'SISS' device #1 and S'SISNS' devices #2-#7 (compare with Fig. 2 ). The critical current density of devices #1, #2, #3 and #6 is determined via the measured junction area, the normal state resistance and the gap voltage (compare with the gap energies in Table IV ) by using the Ambegaokar and Baratoff theory. 23 On the other hand, the small areas of devices #4 and #7 are more accurately determined under the assumption that they have the same current density like #3 and #6 since they were fabricated on the same wafer. Therefore, we mark their jc and A values with an asterisk (*). For device #5 (also marked with an asterisk) the area is equally determined via a current density measurement of a larger area device, not indicated in this table. Devices #1 -#7 were directly immersed in LHe, whereas the jc values of the SNS' devices #8 and #9 were measured with the devices mounted on the 4.2 K stage of a LHe dewar. The SNS' device areas are determined with the assumption that the measured RN is most likely the Sharvin resistance. wider than the junction radius (compare with devices #6 and #7 in Table I and Figs. 2(e) and (f)). Like device #5, these devices are also used to systematically study the effect of the geometrically assisted cooling effect provided by the extended Au layer. In this device process the Au layer has a thickness of 80 nm. After the tunnel junction area definition and the subsequent CMP step, we observed during the measurement of the dielectric layer thickness that this layer was polished down to the top Nb electrode rather than having stopped at the 80 nm thick Au layer. Therefore, for the subsequently patterned radial Au cap with thickness 120 nm, we assume equally a total thickness of 120 nm.
The fabrication of the dedicated SNS' devices (#8 and #9 in Table I ) for the discussion in Sec. V uses a similar process as described before. This time the Au layer etch defines the junction area. We achieve a very small device area by underexposing the poly(methyl methacrylate) (PMMA) resist which was used to define an aluminum nitride etch mask for the SNS' junction area definition. The SNS' contact area could not be measured directly with our electron microscope due to its very small size and has to be determined over the normal state resistance together with a suitable theory. In this way we obtain SNS' device resistances of the order of 0.1 − 2 Ω. This allows to measure a sufficient large voltage drop across the device and, therefore, renders it possible to characterize the devices with our usual dc-transport setup without the need of a SQUID read-out.
B. Measurement setup
The measurement setup for the device characterization is shown schematically in Fig. 3 for the S'SISS' and S'SISNS' devices #1-#7 (a) and the SNS' devices #8 and #9 (b). The S'SISS' and S'SISNS' devices in (a) are directly immersed in LHe in order to guarantee a device bath temperature of 4.2 K throughout the measurements of the different devices. On the other hand, the SNS' devices are characterized in a dedicated setup on the 4.2 K cold stage in a LHe dewar with bath temperatures of 4.24 K (device #8) and 4.27 K (device #9).
I,V characteristics of the S'SISS', S'SISNS' and the SNS' devices are measured with a resistively loaded current bias source. In order to measure a possible hysteresis in the SNS' I,V characteristic, we use a resistor (R3) connected in parallel to the SNS' junction.
The Josephson effect in the S'SISS' and S'SISNS' devices is suppressed by a magnetic field parallel to the junction barrier. The magnetic field strength is of the order of a few hundred Gauss corresponding to magnetic flux quanta in the junctions in the range of Φ 0 −2Φ 0 , with Φ 0 = h/2e. During the measurements of the S'SISS' and S'SISNS' devices with applied magnetic field we did not observe a significant magnetic field induced energy broadening of the quasiparticle density of states which would manifest in a weakened singularity in the I,V characteristic at the onset of the quasiparticle current branch at V g = 2∆/e.
From this we conclude that the magnetic field did not significantly alter the superconductor's density of states. This is important for a realistic determination of the effective electron temperature T e which otherwise would result in lower T e values for too large magnetic fields. 
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IV. EXPERIMENTAL RESULTS AND ANALYSIS
On the basis of the conceptual background described in Sec. II, we present in this section our experimental results obtained for the various devices #1-#7 shown in Figs. 2(a)-(f) , corresponding to Case I (normal metal Au layer is laterally confined to the same dimensions as the Nb junction) and Case II (normal metal Au layer is substantially wider than the Nb junction).
For the devices #1 -#4 which belong to Case I, we show the measured I,V curves in Fig. 4(a) . The I,V characteristic of device #5, belonging to Case II, is shown in the same figure for comparison. Figure 4(b) shows the I,V characteristic of devices #6 and #7, also belonging to Case II. With the measured I,V curve as input parameter, we determine the effective electron temperature T e as a function of dissipated power P = IV in the junction Dashed lines are fits to the experimental data. Due to the different junction areas and current densities in the devices, the dissipated power spans different ranges. In (a) we observe an elevated electron temperature Te above the bath temperature T ph , suggested by the back-bending feature (inset of (a)) of the quasiparticle current branch at eV /2∆ = 1. This feature is weaker in (b).
via Eq. (3) over the temperature dependent gap energy ∆(T e ). Results are shown in Fig. 4(c) for the various devices.
For the analysis of Case I, the heat-transfer coefficient α in Eq. (4) can be extracted from a linear fit to the experimental curves in Fig. 4(c) where α is equal to the inverse of the slope. On the other hand, α can be theoretically estimated and is determined principally by the heat-flow bottleneck in the device.
If the heat-flow bottleneck is between the electrons and the phonons, this means τ e−ph > τ es , the heat-transfer coefficient reads α th = V C e /τ e−ph , with V being the volume of the junction and C e is the electronic heat capacity. On the other hand, if the heat-flow bottleneck is between the phonons and the bath, this is the case when τ e−ph < τ es , the heat-transfer coefficient reads α th = V C ph /τ es . Here, C ph is the Debye phonon heat capacity, C ph = 234(T ph /θ D ) 3 nk B , 25 with θ D the Debye temperature and n is the atomic density.
Since for Nb measurements of τ e−e and τ e−ph are rare and not avaliable for the film dimensions used in our devices, we resort to the results of Gershenzon et al., 26 τ e−e ≈ 0.1 ns and τ e−ph ≈ 1 ns at 4.2 K, which we assume to match best to our problem. Measurements of τ e−e in Au revealed discrepancies of up to four orders of magnitude to theoretical predictions. 27 Furthermore, experimental results from different groups showed significant differences in τ e−e . This suggests that for Au the method of sample fabrication and the material parameters have a large influence on the electron-electron interaction time in this particular material. Since for the analysis in this work it is only important to justify a short enough time τ e−e (compare with Sec. II), these discrepancies are not relevant for our analysis. Thus, for the temperature regime of interest in this work and by considering the quality of our gold films (Table IV) we make use of the measurement results of Bergmann et al. 28 on Au films in the dirty limit, obtaining τ e−e ≈ 20 ps and τ e−ph ≈ 40 ps at 4.2 K.
Because the S'SISS' and S'SISNS' devices are directly immersed in LHe, the escape times τ es in Table II are calculated using the measured Kapitza resistance between Nb and LHe 31 and between Au and LHe. By comparing the phonon-escape time τ es with the electron-phonon relaxation time τ e−ph , we conclude that the heat-flow bottleneck in the Nb is between the electrons and the phonons, whereas in the Au the heat-flow bottleneck is determined by the phonon-escape time to the LHe bath. Therefore, the theoretical heat-transfer coefficient α th consists of two different contributions, α th = V N b (C e /τ e−ph ) + V Au (C ph /τ es ), with V N b,Au the volume of the two different layers in the junction. This value is shown as the first number in the α th column of has to be corrected for the superconducting gap in the electronic quasiparticle spectrum. 30 The phonon-escape times are evaluated for a NbLHe and for a Au-LHe interface for various layer thicknesses. V N b and VAu are the volumes of the Nb electrodes and the additional Au layer on top of the junction. The two values in the "α th "-column are obtained when using the relation α th = V N b (Ce/τ e−ph ) + VAu(C ph /τes) (first value) or the relation α th = V N b (Ce/τ e−ph ) + VAu(Ce/τ e−ph ) (second value). the heat-transfer coefficient when it is determined solely over the relation α th = V (C e /τ e−ph ) for both materials Nb and Au and is provided for comparison. Considering first the results for α th in Table II , obtained for devices #1 -#3, a clear trend is observable. Since all three devices have almost equal Nb junction volumes with values between V N b = 0.450 − 0.504 µm 3 , the effect of increasing Au layer thickness is to also increase the heat-transfer coefficient α th . This trend is consistent with the measurement of α exp for devices #2 and #3. The trend of α exp for devices #1 and #2 is different from the theoretical prediction α th . Since for these two devices, the values α exp are almost equal, we expect that the 20 nm Au layer of device #2 is thiner than expected or that the measurable cooling effect of the nonequilibrium quasiparticles is too small. Thus, no decrease in the electron temperature is observed. For device #4 the smallest heat-transfer coefficient is measured due to the smallest junction volume among all devices. In this device α th and α exp are in very good agreement, again assuming that the phonon-escape time in the Au is the slowest process. On the other hand, like for the devices #1 -#3, a larger deviation between α th and α exp is obtained by assuming electron-phonon scattering as the slowest process in the Au.
Taking account of the fact that we assume constant parameters C e , τ e−ph , C ph and τ es for our interpretation, all values for α exp and α th are remarkably close together. For example, in device #1, doubling τ e−ph leads already to a match between the theoretical and the experimental value for α. The best explanation for this difference between α exp and α th is the energy broadening of the quasiparticle density of states, expressed through the phenomenological parameter Γ, which we neglect in this analysis. This energy broadening leads to a smaller value of T e when directly extracted from the experimental data using Eq. (3) and as a consequence of that to an underestimation of α exp when fitting the P -T e data. For the analysis of Case II, we have to supplement Eq. (5) with sufficient boundary conditions in order to describe the power input to the device and the balancing of heat via the aforementioned energy relaxation processes between the quasiparticles.
Nb
The following boundary condition describes the power dissipation in the SIS junction due to the bias current
Equation (6) assumes a constant temperature in the Au layer within a cylinder of area A, equal to the SIS junction area, and height d Au equal to the thickness of the Au layer directly on top of the SIS junction. The cylinder range is indicated by the dotted lines in Fig. 5(a) . This assumption is justified since it turns out that η, the characteristic length of Eq. (5) (thermal healing length), is larger than any other relevant layer thickness in the device, hence suggesting a constant temperature in the junction. Thus, this boundary condition accounts for the power outflow per unit area from the surface of the cylinder (the SIS junction areas A are summarized in Table I ).
The thermal conductivity κ at T = 4.2 K of the Au layer is determined via the Wiedemann-Franz law, κ = LT /ρ, using the measured resistivity ρ of Au at 4.2 K, given in Table IV, 
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This length has to be compared to the radius r C of the Au caps in our devices #5-#7 (compare with Figs. 2(d)-(f)). All values are given in Table III . Since η ≈ r C in our devices, the second boundary condition for Eq. (5) reads
rather than T e → T ph for r → r C , which is suitable only for large radii r η and would allow to determine analytical solutions.
We arrive at the following assumptions for the analysis presented below. First, we assume that the Nb-AuNbTiN system (wiring part of the device) has clean interfaces, i.e. no or only very thin oxide layers between the different metals. Therefore, these metals share one common phonon system. Furthermore, the thermal healing length is determined only by the phonon-escape rate at the Au-LHe interface when the devices are directly immersed in LHe or by the phonon-escape rate at the Au-SiO 2 interface when we consider devices which are cooled in a vacuum environment. With these assumptions we solve the heat balance Eq. (5) and present our results for devices #6 and #5 in Figs. 6(a) and (b) . For the calculations we use the Kapitza conductance at the Table III ). This solution does not include the correction due to the energy broadening of the quasiparticle density of states which we finally extract from a fit in (a) (curve labeled with "Fit"). Au-LHe interface since these devices were directly immersed in LHe during our measurements.
We start first with the discussion of the obtained results in Fig. 6(a) . The experimental results were obtained by evaluation of Eq. (3) with the I,V values of device #6 as input parameters. The dashed theoretical line shows the prediction of the electron temperature rise with increasing dissipated power in the Au cap volume directly on top of the SIS junction (region within the dotted lines in Fig. 5(a) ). This result is obtained by the solution of Eq. (5) within the range r ∈ [0, r j ] and disregards a correction of T e due to the energy broadening of the quasiparticle density of states. On the other hand, the slope of the experimentally determined P -T e curve is slightly negative because of the slightly positive slope of the quasiparticle current branch in the I,V characteristic of device #6 (compare with Fig. 4(b) ) due to the energy broadening of the quasiparticle density of states. Hence, we obtain an electron temperature smaller than the bath temperature. The slope of this P -T e curve is solely used to extract the energy broadening correction of the quasiparticle density of states to the effective electron temperature T e and does not represent the real device temperature of device #6. In device #6, due to the largest area among all devices in this paper, the lowest magnetic field is necessary in order to suppress the dc Josephson effect. We expect, therefore, that in this device the local density of states of the superconducting electrodes are least modified by the magnetic field. The fit to the data in this device is shown by the dashed-and-dotted line (labeled with "Fit"). As a result of the fit we find that the slope of the theoretical prediction (dashed line) can be mapped onto the experimental slope by adding a term −0.35 K/µW.
When adding the correction term −0.35 K/µW to the theoretical prediction of the P -T e trend of device #5, the curve labeled with "Th+Corr" in Fig. 6(b) is obtained. We find that we can describe the data sufficiently well following this approach. The small discrepancy between the curve labeled with "Th+Corr" and the experimental curve labeled with "Exp" can be best explained by a small modification of the local density of states of the superconducting Nb electrodes by the magnetic field. Because of the significant smaller cross section of device #5 compared to device #6 (compare with the junction radius r j in Table III ), a larger magnetic field has to be applied to device #5 to induce the same magnetic flux as in device #6. Therefore, by adding an additional conservative correction term with value −0.15 K/µW to the "Th+Corr" curve (not shown in the figure), accounting for the influence of the magnetic field on the local density of states, we can describe the experimentally obtained slope sufficiently well over the full range of the dissipated power P .
For device #7, we did not perform a similar analysis like described before. During the measurements with this device we applied the strongest magnetic field among all other measurements, necessary due to the small junc- tion area of this device (cf. Table III) . Hence the experimental P -T e slope which one would obtain from the corresponding I,V curve should not be considered to be a representative measurement. However, we show the I,V characteristic of this device in Fig. 4(b) for comparison to the I,V characteristic of device #6. We observe that the slope at the onset of the quasiparticle branch of the I,V characteristic of device #6 is almost vertical whereas for device #7 we measure an I,V characteristic with a positive slope. Although the experimental result for device #6 (and in principle also for device #7) suggests that the effective electron temperature has reached the phonon temperature, we have to stress that the effective electron temperature in the device will follow the theoretical prediction (dashed curve) in Fig. 6 (a) as this trend does not contain the energy broadened quasiparticle density of states which effectively decreases the experimental result for T e . This means that the effective electron temperature in device #6 is still slightly above the phonon temperature.
Comparing the results for device #6 and #5 in Figs. 6(a) and (b) we find that at the same dissipated power of say 0.2 µW, the effective electron temperature in device #6 is about 0.1 K lower than in device #5. This once more shows the geometrically assisted cooling effect of the Au layer on the electron temperature T e in the Nb electrodes.
When calculating T e in device #5 with an Au cap having thickness d = 120 nm and r C = r j + 3µm, therefore, choosing the same geometry as for the Au cap in devices #6 and #7, we find that at 0.4 µW dissipated power, T e ≈ 4.24 K (including the correction for the quasiparticle density of states energy broadening). Thus, this electron temperature is approximately 60 mK lower than the measured value for the actual device geometry. At some value of r C , a further increase of the Au cap radius has no influence anymore on decreasing T e and d Au has to be thicker. Evidently, dependent on how much power is dissipated in the device, there are many design possibilities in order to achieve an electron temperature in the device equal/close to the phonon temperature.
Since the thermal healing length η is independent of the dissipated power in the device and of the Au cap radius r C , it can only be used for a rough estimate of the Au cap size. However, as a necessary condition for the geometrically assisted cooling we find that obviously r C > η. Nevertheless, even when this condition is fulfilled, in principle one has to solve Eq. (5) with the specific device geometry as input parameter in order to determine the electron temperature in the device.
V. POSSIBLE ADVERSE EFFECTS DUE TO INSERTED NORMAL METAL LAYER
Before we present our conclusions we would like to make a few remarks which have to be considered when implementing our device concept in a practical mixer design for a heterodyne receiver experiment. Here, it is important to estimate possible signal losses caused by the normal metal Au layer in the superconducting circuit.
First, from dc-characterization measurements of the SNS' devices #8 and #9, not further discussed in detail in this paper, we determine a critical current of I c ≈ 200 µA at T = 4.24 K for device #8 and a critical current of I c ≈ 5 mA at T = 4.27 K for the larger area device #9, cf. also Table I . The normal state resistances of devices #8 and #9 are R N = 1.76 Ω and R N = 0.082 Ω. A tunnel current through the S'SISNS' device larger than the critical current of the SNS' part causes that a series resistance appears which is equal to the normal state resistance of the SNS' part. However, the typical contact areas of the SNS' layer structure on top of the tunnel barrier are much larger than the areas of the test devices #8 and #9 which we fabricated extra-small in order to obtain a significant voltage-drop across the device, simplifying the measurements. Therefore, in our S'SISNS' devices, it is to be expected that the critical current of the SNS' part exceeds the tunnel current through the insulating barrier by far and, thus, for a dc current the normal metal Au layer does not represent a series resistance to the overall S'SISNS' normal state resistance.
Second, in case of an rf current induced by a microwave signal in a heterodyne experiment, the Au layer causes rf signal loss. However, compared to the size of other circuit parts of typical SIS mixer layouts, the micron-sized Au layer is comparatively small and should, therefore, not entail a significant amount of signal loss in the mixer. Nevertheless, in the design of high-Q tuning circuits for THz frequencies, crucial for low-noise mixer operation and for efficient coupling the signal radiation to the mixing element over a broad frequency bandwidth, the proximity-effect modified local density of states in the normal metal Au layer due to the two superconductors Nb and NbTiN, changing the complex conductivity of the normal metal material, has to be considered by a generalized Mattis and Bardeen theory.
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VI. CONCLUSIONS
To conclude, in this paper we have reported several device geometries combining the high-quality Nb-trilayer technology with a full superconducting NbTiN embedding circuit and conducted dc-characterization measurements of the devices. We measured the effective electron temperature T e as a function of the applied bias current in terms of the electron-temperature dependent superconducting gap energy ∆(T e ). We find that a normal metal layer, in our experiments we used Au, sandwiched between the Nb junction and between one of the NbTiN leads, decreases the electron temperature compared to the control device in which no normal metal layer is used. For a normal metal layer which is laterally confined to the same area like the Nb electrode (Case I), we measure an increase in the cooling of the nonequilibrium quasiparticle system with increasing thickness d Au of the normal metal layer. We identify two different heat-flow bottlenecks in these devices, namely between the electrons and the phonons in the Nb material, whereas in the Au the phonon escape process from the material to the bath is the slowest energy relaxation mechanism. The resulting theoretical heat-transfer coefficient α th describes the experimentally determined value α exp sufficiently well. Case II covers devices which have normal metal Au layers substantially wider than the Nb electrodes. Here we observe enhanced cooling of the nonequilibrium quasiparticles compared to Case I which we relate to geometrically assisted cooling, i.e. nonequilibrium quasiparticles relax their energy in the wide Au layer by outdiffusion, electron-phonon scattering and phonon escape to the thermal bath. The heat-flow can be explained by a simple thermal model which takes the Au layer geometry and the aforementioned energy relaxation processes into account, provided that one considers also the energy broadening of the quasiparticle density of states. We have highlighted the prospects of using our device technology in a future heterodyne experiment where one can expect a substantial improvement in the mixer sensitivity due to the low rf -loss property of the NbTiN material and the high quality of the Nb-trilayer junction technology, compared to devices which implement at least one normal conducting layer in the embedding circuit.
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MATERIAL PARAMETERS
The Au layer resistivity was not measured individually for each device. For all of our devices, we assume the measured resistivity value at 4.2 K for a 200 nm thick film, sputter deposited on a separate wafer. Table I . For each device and material, the first, second and third number indicates the resistivity ρ, measured at 20 K, the critical temperature Tc of the superconducting material and the superconducting pair breaking energy 2∆. Only for the Au layer, the resistivity was measured at 4.2 K for a 200 nm thick film on a separate wafer. 
